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Background: Hsp90 is a molecular chaperone essential for cell viability in eukaryotes that is associated with the
maturation of proteins involved in important cell functions and implicated in the stabilization of the tumor pheno-
type of various cancers, making this chaperone a notably interesting therapeutic target. Celastrol is a plant-derived
pentacyclic triterpenoid compoundwith potent antioxidant, anti-inflammatory and anticancer activities; however,
celastrol's action mode is still elusive.
Results: In thiswork,we investigated the effect of celastrol on the conformational and functional aspects of Hsp90α.
Interestingly, celastrol appeared to target Hsp90α directly as the compound induced the oligomerization of the
chaperone via the C-terminal domain as demonstrated by experiments using a deletion mutant. The nature of
the oligomers was investigated by biophysical tools demonstrating that a two-fold excess of celastrol induced the
formation of a decameric Hsp90α bound throughout the C-terminal domain. When bound, celastrol destabilized
the C-terminal domain. Surprisingly, standard chaperone functional investigations demonstrated that neither the
in vitro chaperone activity of protecting against aggregation nor the ability to bind a TPR co-chaperone, which

binds to the C-terminus of Hsp90α, were affected by celastrol.
Conclusion: Celastrol interferes with specific biological functions of Hsp90α. Our results suggest a model in which
celastrol binds directly to the C-terminal domain ofHsp90α causing oligomerization. However, the ability to protect
against protein aggregation (supported by our results) and to bind to TPR co-chaperones are not affected by
celastrol. Therefore celastrol may act primarily by inducing specific oligomerization that affects some, but not all,
of the functions of Hsp90α.
General significance: To the best of our knowledge, this study is the first work to use multiple probes to investigate
the effect that celastrol has on the stability and oligomerization of Hsp90α and on the binding of this chaperone to
Tom70. This work provides a novel mechanism by which celastrol binds Hsp90α.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cancer is the generic name for diseases in which abnormal cells di-
vide without control and are invasive (malignant). According to the
World Health Organization, cancer is a leading cause of death world-
wide, and although important progress has beenmade toward its treat-
ment, considerable research remains to be undertaken to understand
the molecular basis of cancers and to identify suitable methods of
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treatment. There have been several studies on cancer-identified genes,
later named oncogenes, which are often mutated or highly expressed
in tumor cells, and many of the oncogenic proteins depend on the 90
kDa heat shock protein Hsp90 to be stable and functional (for reviews
see [1–4]). As a matter of fact, Hsps are highly expressed in several can-
cerous tumors, most likely because they favor cell growth in stressed
environments; thus, Hsps have become important targets for cancer
therapy.

Hsp90 exist as homodimers (~160 kDa) in which each subunit is
discretized into three domains [5–7]. The N-terminal domain contains
an ATP-binding site [8] and binds natural compounds with anti-tumoral
activities, such as geldanamycin (from Streptomyces hygroscopicus) and
radicicol (also known as monorden) [9,10]. The central domain is highly
charged and has a high affinity for co-chaperones and client proteins
[11–13]. The C-terminal domain is essential for dimerization [14] and
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has also been demonstrated to bind compounds with anti-tumoral activ-
ities, such as cisplatin [15], novobiocin [16] and epigallocatechin-3-
gallate (EGCG) [17]. It could appear counterintuitive to label an important
chaperone such as Hsp90 as a cancer target, when considering its vital
role in normal cells. However, cancer drugs such as 17-AAG,which inhibit
Hsp90, are well tolerated by patients [18], likely because Hsp90 found in
cancer cells has a much higher affinity for 17-AAG than does Hsp90 from
normal cells [19,20]. Kamal et al. [19] showed that Hsp90 derived from
cancer cells binds to 17-AAG up to 100 times more tightly than does
Hsp90 isolated from normal cells. Hsp90 in normal cells would be in a
free form while in malignant cells the chaperone would be associated
with a multi-protein complex and would have a much higher ATPase
activity [19,21,22]. Because cancer cells have high protein (normal and
mutant) expression and live in a stressful microenvironment, they
would be very dependent on Hsp90 that is in a highly activated state
[3]. Other inhibitors apparently are alsomore effective against Hsp90 iso-
lated from cancer cells than from normal cells [reviewed in 23]. Conse-
quently, studies on the interaction between recombinant Hsp90 and
ligands have gained increased attention worldwide, due to the potential
of this chaperone as a therapeutic target for cancer [3,4,24].

Humans have two cytosolic isoforms of Hsp90, named α and β, that
are highly identical [7,25]. The literature is rich in evidence that Hsp90α,
whichwas investigated in this study, is linked to cancer andmay have a
diverse action than the β isoform. To mention a few examples: only
Hsp90α, but not Hsp90β, has the capacity to activate oncogenic kinases
[26]; Hsp90α has elevated expression in brain, skin and thyroid cancers,
while Hsp90β has higher expression in bladder cancer [27]; Hsp90α is
secreted by a variety of tumor cell lines, enhancing invasiveness and
thus being considered a valid target for anticancer therapies (revised
in [25]).

Celastrol, a quinonemethide triterpene isolated from plants belong-
ing to the family Celastraceae (used in Oriental medicine), has demon-
strated potential anticancer activity in several cancer models, including
prostate cancer, pancreatic cancer, leukemia and melanoma (See the
following review and references therein: [28]). Celastrol has some ac-
tion upon Hsps, the compound induces HSF-1 (heat shock factor-1) in
a similar way than a heat shock treatment (42 °C) [29] and it was iden-
tified as a ligand of Hsp90 [30]. Although several investigations on the
interaction of Hsp90 and celastrol have been performed, the true na-
ture of the molecular mechanism of this chaperone-ligand interaction
is still elusive. For instance, studies based on the effect of celastrol on
the Hsp90–Cdc37 interaction [31] and ATPase inhibition [32,33] have
suggested that celastrol binds to the N-terminal domain as this is the
site of Cdc37 and ATP binding. However, trypsinolysis studies [32] sug-
gested that celastrol binds to the C-terminal domain of the Hsp90. In
addition, the targets of the celastrol in the Hsp90 complexes are still a
matter of intense debate. Some studies have reported the inhibition
of the Hsp90 ATPase activity by celastrol [31,33], whereas others have
demonstrated no effect [31,34]. By using HSQC NMR experiments,
Sreeramulu and co-workers [35] demonstrated that celastrol disrupted
the Hsp90–Cdc37 complex not by binding directly to a deletion mutant
of Hsp90 representing the N-terminal domain but by targeting Cdc37.
Co-immunoprecipitation experiments provide conflicting results, as
they have demonstrated that the Hsp90/HOP complex both could
[36] and could not [31] be disrupted by celastrol.

Motivated by the need for further investigation regarding Hsp90α-
celastrol interaction, we performed an extensive characterization
of the interaction between them using biochemical and biophysical
complementary techniques, such as size-exclusion chromatography
coupled to multi-angle laser light scattering (SEC–MALS), native-
PAGE, dynamic light scattering (DLS), differential scanning calorimetry
(DSC), differential scanning fluorescence (DSF) and chaperone and pro-
tein–protein assays. We found that celastrol affected the oligomeric
state of Hsp90α by binding to the C-terminal domain. Moreover, we re-
port here that celastrol destabilized the C-terminus of Hsp90 but had
neither an effect on the interaction of Hsp90α with its co-chaperone
Tom70, which binds to the C-terminus of Hsp90α nor on the functional
activity of Hsp90α against protein aggregation. To the best of our
knowledge, this study is the first work to use multiple probes to inves-
tigate the effect that celastrol has on the stability and oligomerization of
Hsp90α and on the binding of this chaperone to Tom70.

2. Materials and methods

2.1. Protein expression and purification

The expression and purification of the C-terminal domain of human
Hsp90α (C-Hsp90α, residues 566–732) and the soluble fraction of
human Tom70 (residues 111–608) were performed as previously de-
scribed [37]. Escherichia coli strain BL21(DE3) was transformed with a
pProExHta vector, in which human full-length Hsp90α was cloned
and grown at 37 °C until A600 reached 0.8–1.0. After this step the tem-
perature of growth was set to 18 °C, and protein expression was
induced with 1.0 mM isopropyl-beta-D-thiogalactopyranoside. After
overnight induction, the cells were harvested and disrupted by sonica-
tion in a buffer containing 50 mM Tris-HCl, pH 8.0, 100 mM KCl, 1 mM
EDTA, 30 μg/ml lysozyme, 1 mM PMSF and 5 units DNase. The lysate
was cleared by centrifugation, and the proteins were purified using
nickel metal affinity chromatography (eluted by 500 mM imidazole
and dialyzed afterwards) followed by size-exclusion chromatography
(Superdex 200) in a buffer containing 20 mM Tris–HCl, pH 7.4, and
150 mM NaCl. Sample purity was analyzed by SDS-PAGE, and protein
concentration was determined by measuring UV absorbance at
280 nm. Celastrol was kept soluble by dilution into dimethyl sulfoxide
(DMSO), and the final concentration of DMSO was never higher than
2% in the experiments described below.

2.2. Circular dichroism

A JASCO model J-810 CD spectropolarimeter coupled to a thermo-
electric sample temperature controller (Peltier system) was used to re-
cord circular dichroism (CD) spectra using parameters previously
described [38]. Briefly, experiments were conducted with 15 μM C-
Hsp90α or 10 μM of full-length Hsp90α and 9 μM Tom70 in a buffer
containing 20 mM Tris–HCl, pH 7.4, and 150 mM NaCl at 20 °C. Data
were collected from 260 to 200 nm using cuvettes with a 1 mm path
length, and the results reported are the average of at least three
experiments.

2.3. Differential Scanning Fluorescence

DSF (Differential Scanning Fluorescence) was performed using an
iCycler iQ Real-Time PCR detection systemwith excitation and emission
wavelengths of 580 and 623 nm, respectively, and monitoring with a
CCD camera. Samples were 2.5 μL solutions of Sypro Orange (8×),
12.5 μL of buffer alone (control) or protein containing ligand (celastrol)
and 5 μL of buffer reaction. The protein concentrations were 2 μM for
either full-length Hsp90α or C-Hsp90α. Samples were added to a PCR
plate with 96 wells that was sealed and heated from 20 to 90 °C. With
the transition temperature of protein unfolding, Tm, a Boltzman equa-
tion was used to fit the fluorescence curve:

I ¼ ðAþ B‐Að Þ = ð1þ exp Tm‐Tð Þ=Cð Þ

where I is the fluorescence intensity at temperature T; A and B is the
fluorescence intensity before and after of the transition, respectively;
C is the slope of the curve [39]. DMSO (2%) was present in all samples
and did not interfere with the results as confirmed by control
experiments.



Table 1
Midpoint of the transition (Tm; in Celsius degrees) from thermal-induced unfolding
profiles measured by DSF for C-Hsp90α and full-length Hsp90α.

Protein:celastrol Hsp90α Tm1 Tm2 C-Hsp90α Tm

1:0 47.9 61.6 61.4
1:1 47.9 60.4 51.7
1:10 47.9 58.9 48.8

Errors are less than 2%.
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2.4. Differential Scanning Calorimetry

Calorimetric experiments (Differential Scanning Calorimetry) were
performed using a VP-DSC calorimeter (Microcal-GE Healthcare).
Proteins, 220 μM C-Hsp90α or 35 μM full-length Hsp90α, in 20 mM
Tris–HCl, pH 7.4 and 150 mM NaCl were incubated with different con-
centrations of celastrol (see figure caption for details). Protein samples
and buffers were filtered, degassed for 5 min in a vacuum system, load-
ed into DSC and scanned from25 to 90 °C at a heating rate of 1.0 °C/min.
Data were analyzed with GE Microcal Origin software, and baselines
were calculated from both pre- and post-transition temperature
regions. DMSO (0.8%) was present in all samples and did not interfere
with the results, as confirmed by control experiments.

2.5. Native-PAGE

Non-denaturing polyacrylamide gel electrophoresis (native-PAGE)
(pH 8.8; 12% polyacrylamide) were performed as described by Bollag
et al. (1996) [40]. C-Hsp90α (23 μM) or full-length Hsp90α (12.5 μM)
were incubated with celastrol at different molar ratios in a buffer con-
taining 20 mM Tris–HCl, 150 mM NaCl pH 7.4 at 25 ºC for 10 min.
10 μL of each sample were loaded into the lanes of a 5% stacking/12% re-
solving gel and electrophoresed at 100 V until the dye frontmigrated to
within 2 mm of the bottom of the gel. After electrophoresis, the gel was
stainedwith Coomassie Blue. DMSO (2%)was present in all samples and
did not interfere with the results as confirmed by control experiments.

2.6. Dynamic light scattering

Proteins (87 μMC-Hsp90α or 25 μM full-length Hsp90α) were incu-
bated with celastrol (see figure captions for concentrations) in a buffer
containing 20 mM Tris–HCl, pH 7.4, and 150 mM NaCl for 4 min and
at room temperature before measurements. Dynamic light scattering
(DLS) measurements were conducted on a Malvern Zetasizer Nano ZS
90 (Model No. 3690) with a 633 nm laser, in a polystyrene cell, at
25 °C and with a scattering angle of 90°. DMSO (1%) was present in all
samples and did not interfere with the results as confirmed by control
experiments.

2.7. Size-exclusion chromatography–multiple angle light scattering
(SEC–MALS)

SEC–MALS experimentswere performed using an ÄKTA FPLC instru-
ment (GE) coupled to a triple-angle static light scattering detector
miniDAWN™ TREOS (Wyatt Technology, Santa Barbara, CA, USA) at
room temperature. C-Hsp90α (50 μM, dimer) in the absence or in the
presence of TOM70 (100 μM)were incubated with 2- or 3-fold the con-
centration of celastrol (see figure captions for details) in a buffer con-
taining 20 mM Tris–HCl, pH 7.4, and 150 mM NaCl for 2 h at 4 ºC
before measurements. After incubation, 250 μL of each sample was
injected into a Superdex 200 HR 10/300 GL column (GE Healthcare).
Elution was performed using the same buffer, and data were processed
using ASTRA V software (Wyatt Technology, Santa Barbara, CA, USA).
The elution peaks were collected in 1.0 mL aliquots and assessed by
Coomassie Blue-stained SDS-PAGE. DMSO (0.8%) was present in all
samples and did not interfere with the results as confirmed by control
experiments.

2.8. Chaperone activity

The ability of the full-length Hsp90α (4 μM) to suppress the aggre-
gation of proteinswas tested in the presence of celastrol (2-fold excess).
Porcine heart citrate synthase at a 2 μM concentration was heated to
45 °C in 20 mM Tris–HCl with 150 mM NaCl, pH 7.4, in the absence or
in the presence of full-length Hsp90α and celastrol (see figure caption
for concentrations). Experiments were monitored by light scattering
at 340 nm using a temperature-controlled Cary spectrofluorometer.
DMSO (1%) was present in all samples and did not interfere with the
results as confirmed by control experiments.
3. Results and discussion

3.1. Celastrol boundHsp90α via the C-terminal domainwith a destabilization
effect

We studied the effect that celastrol, a plant-derived pentacyclic
triterpenoid compound with potent anticancer activities, had on the
structure and function of the human 90 kDa heat shock protein
(Hsp90α), which has been implicated in the stabilization of the tumor
phenotype of various cancers (for reviews see [1–4]). The effect of
celastrol was tested with full-length Hsp90α, as well as with a deletion
mutant (C-Hsp90α) in which only the C-terminal domain was present.
The recombinant proteins were produced pure and folded as shown in
Figs. S1 and S2 (Supplemental material).

Celastrol binding to Hsp90αwas investigated in terms of the ability
of the compound to influence the stability of the protein. The stability of
a protein can be influencedby several factors such as buffer composition
or the binding of a specific ligand, and it is usually and easily measured
by comparing the thermal-induced unfolding profiles of the protein at
different conditions. Any condition that affects the stability of a protein
will affect the Gibbs free-energy of unfolding (ΔGunf), the difference in
free-energy between the folded and the unfolded states, and in a
thermal-induced unfolding experiment, it will be measured as an in-
crease or decrease, depending on the nature of the effect, in the
midpoint of the transition (Tm) in Kelvin (or other unity, as for instance
Celsius degrees) compared with the standard condition [41]. The
thermal-induced unfolding of the full-length Hsp90α and C-Hsp90α
were investigated by both Differential Scanning Fluorimetry (DSF) and
Differential Scanning Calorimetry (DSC), and the results are summa-
rized in Tables 1 and 2, respectively. It is important to state that the
thermal-induced unfolding of both full-length Hsp90α and C-Hsp90α
were irreversible in the conditions tested here. Therefore, the discussion
was centered only on the values of the Tms because of the difficulty in
reliably measuring other thermodynamic parameters.

DSF experiments were performed using a fluorescent extrinsic
probe (Spyro Orange dye) that recognizes hydrophobic sites in proteins.
Then, when a protein is heated, hydrophobic patches are exposed and
bind to the dye that fluoresces [42]. In the absence of celastrol, the
thermal-induced unfolding profile of full-length Hsp90α by DSF had
two distinct transitions with Tm values of 47.9 (named Tm1) and
61.6 °C (named Tm2) (Fig. S3A and Table 1), respectively, whereas
C-Hsp90 had only one distinct transition with a Tm of 61.4 °C
(Fig. S3B and Table 1). These results indicate that the two distinct Tms
of full-length Hsp90α were mainly related to the unfolding of each of
the two major domains of Hsp90α, the N- and C-terminal domains.
Because the deletion mutant C-Hsp90α had a Tm of 61.4 °C, Tm2 is
very likely mainly related to the unfolding of the C-terminal domain,
whereas Tm1 is very likely mainly related to the unfolding of the
N-terminal domain. Accordingly, studies using DSC to investigate
the thermal-induced unfolding of a Hsp90 from the porcine brain
(about 99% identical to human Hsp90α) also found two Tm values,



Table 2
Midpoint of the transition (Tm; in Celsius degrees) from thermal-induced unfolding
profiles measured by DSC for C-Hsp90α and full-length Hsp90α.

Protein:celastrol Hsp90α Tm1 Tm2 C-Hsp90α Tm

1:0 48.2 66.2 64.2
1:1 48.0 65.3 62.0
1:2 – 59.8
1:4 47.5 64.7 –

1:10 46.9 59.0 –

Errors are less than 2%.

Table 3
Radius (in nm) of the most intense peak measured by DLS for C-Hsp90α and full-length
Hsp90α.

Protein:Celastrol Hsp90α C-Hsp90α

1:0 6.9 4.6
1:1 7.1 6.2
1:2 213.5 13.6
1:3 127.9 and 534.5⁎ 16.7
1:4 – 138.5

⁎ Two peaks of approximately the same intensity were identified; errors are less than 5%.
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where the lower value was related to the unfolding of the N-terminal
domain, and the higher value was related to the unfolding of the
C-terminal domain [43]. The presence of celastrol affected the stabil-
ity of full-length Hsp90α as indicated by the decrease in Tm2 (from
61.6 °C in the absence of celastrol to 58.9 °C when ten-fold the con-
centration of celastrol was added) as the concentration of celastrol
increased (Fig. S3A and Table 1) and by the observation that the same
effect was detected when celastrol was added to C-Hsp90 (from
61.4 °C in the absence of celastrol to 48.8 °C when ten-fold the concen-
tration of celastrolwas added) (Fig. S3B and Table 1). These data strong-
ly suggest that celastrol mainly affected the stability of the C-terminal
domain as it affected Tm2, but not Tm1, of Hsp90α and the sole Tm of
C-Hsp90α. The effect of celastrol appeared to be stronger on C-Hsp90α
than on the full-length Hsp90α, and this difference may be due to stabi-
lizing interactions between the N- and C-termini that are not affected by
celastrol, but further investigation is need to verify the validity of this
hypothesis.

The effect of celastrol on the stability of Hsp90αwas also investigat-
ed by DSC, a technique widely used to determine the thermodynamic
stability of proteins that measures the heat given off or absorbed exces-
sively by the sample (protein in the case of this work) on the basis of
temperature difference between the sample and the reference buffer
[44]. In the absence of celastrol, the thermal-induced unfolding profile
of full-length Hsp90α by DSC had two distinct transitions with Tm
values of 48.2 °C (Tm1) and 66.2 °C (Tm2) (Fig. S4A and Table 2), respec-
tively, whereas C-Hsp90α had only one distinct transition with a Tm of
64.2 °C (Fig. S4B and Table 2). It is noteworthy that, as discussed for the
DSF data, the results using DSC also indicated that the two distinct Tm
values of full-length Hsp90α were mainly related to the unfolding
of each of the twomajor domains of Hsp90α, the N- and C-terminal do-
mains. As the deletion mutant C-Hsp90α had a Tm of 64.2 °C (Table 2),
Tm2 is very likely mainly related to the unfolding of the C-terminal do-
main, whereas Tm1 is very likely mainly related to the unfolding of the
N-terminal domain. As also noticed by DSF, the presence of celastrol af-
fects the stability of full-length Hsp90α, as shown by the decrease in
Tm2 as the concentration of celastrol increases (from 66.2 °C in the ab-
sence of celastrol to 59.0 °Cwhen ten-fold the concentration of celastrol
was added) (Table 2). The same effect was detected when celastrol was
added to C-Hsp90α as Tm decreased from 64.2 °C in the absence of
celastrol to 59.8 °C when two-fold the concentration of celastrol was
added (Table 2). Because of the higher C-Hsp90α concentration re-
quired for reliable DSC thermograms, it was not technically possible to
test high celastrol concentrations. Together, the thermodynamic data
strongly suggest that celastrol directly targets Hsp90α and mainly
affects the stability of the C-terminal domain as it affected Tm2, but
not Tm1, and the sole Tm of C-Hsp90α. It is worth noting that the heat
released upon unfolding of both the Hsp90 second transition and
C-Hsp90α sole transition was drastically reduced, which also indicates
the destabilization of the C-terminal domain. In addition, as measured
by DSF, the DSC results indicated that the effect of celastrol is stronger
on C-Hsp90α than on the full-length Hsp90α.

In both DSF and DSC experiments, celastrol decreased the Tm of
unfolding, i.e., it acted as a destabilizer of Hsp90α (Fig. S5). These results
are explained by a model in which the compound stabilizes, or at least
have a larger stabilizing effect on, the unfolded state of Hsp90. In this
model, in native conditions celastrol induces the oligomerization of
Hsp90, and in denaturating conditions, where the oligomers unfold to
monomers (see discussion below), these unfoldedmonomers are stabi-
lized by celastrol. The explanation for ligand binding to denaturated
states are supported by the fact that structured portions remain in pro-
teins even in the presence of highly denaturing concentrations [45]. It is
not straightforward to extrapolate these findings to in vivo conditions,
but it is clear that celastrol at least disturbs the conformational equi-
librium of Hsp90. That disturbance may be sufficient to perturb the
function of Hsp90 chaperones in a tumorigenic cell. As previously
discussed (see Introduction), tumor-purified Hsp90s are more suscep-
tible to the effect of inhibitory compounds, and disturbing the con-
formation of Hsp90, as demonstrated above, may be the main action
responsible for the antitumorigenic effect of celastrol.
3.2. Celastrol induced the oligomerization of Hsp90α via the C-terminal
domain

The second finding of this work was that Hsp90α formed oligomers
in the presence of celastrol and that the size of the oligomers was de-
pendent on the concentration of the ligand. The size of proteins can be
investigated with Dynamic Light Scattering (DLS), a well-established
technique for measuring the size distribution profile of particles in solu-
tion. In the absence of celastrol, themain peakmeasured had a radius of
6.9 nm and 4.6 nm for full-length Hsp90α and C-Hsp90α, respectively
(Table 2 and Fig. S6). The radius of approximately 4.6 nm of C-Hsp90α
domain in the absence of celastrol corresponded to a particle with a
mass of a dimer [43,46]. In the presence of increasing concentrations
of celastrol, the DLS peak distribution of both full-length Hsp90α and
C-Hsp90α displayed a significant shift toward high values, indicating
an increasing size of the protein population distribution (Table 3).
These results were confirmed by native PAGE, in which proteins were
analyzed in non-denaturing conditions. In the absence of celastrol, the
bands corresponding to both full-length Hsp90α and C-Hsp90α
appeared in the gel with the expected masses of dimers (Fig. 1A and
B, respectively). As the concentration of added celastrol increased, the
band corresponding to the dimers had a lower intensity until the band
faded to near non-existence (Fig. 1A and B). Surprisingly, bands corre-
sponding to oligomers with higher molecular masses than dimers
were not identified in the gel. The large size of the oligomers or modifi-
cation of the pI may be possible explanations for these species not
migrating into the gel, but these would need to be experimentally veri-
fied before further consideration.

To investigate the oligomerization process in more detail, we also
performed multi-angle laser light-scattering experiments in line with
size-exclusion chromatography (SEC–MALS). SEC–MALS is a nonde-
structive technique that allows the analysis of the native state ofmacro-
molecules in solution to determine the molecular mass with high
precision. Fig. 2A shows the SEC–MALS results for C-Hsp90α in the
absence and in the presence of celastrol at 1:2 stoichiometry. In the
absence of celastrol, C-Hsp90α was eluted approximately 16 mL, with
a measured molecular mass of approximately 44.8 kDa, which is in



Fig. 1. Polyacrylamide gel electrophoresis at native conditions (native-PAGE) of full-length C-Hsp90α (A) and Hsp90α (B) in the absence and in the presence of increasing concentrations
of celastrol. In the absence of celastrol, the bands corresponding to both full-lengthHsp90α andC-Hsp90α appeared in the gelwith the expectedmasses of dimers, but as the concentration
of added celastrol increased, the band corresponding to dimers had lower intensity until almost disappearing. All experimentswere performed using buffer Tris–HCl 20mM,NaCl 150mM,
pH 7.4.
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accordance with the theoretical mass of the dimer (43.7 kDa) (Fig. 2A).
In the presence of celastrol (protein:celastrol molar ratio 1:2), C-Hsp90α
was eluted approximately 10.5 mL with a measured molecular mass of
approximately 207.0 kDa, which is almost identical to the mass of an
oligomer formed by five dimers of C-Hsp90 (theoretical mass of
218.5 kDa) (Fig. 2A). SDS-PAGE of the samples loaded into SEC–MALS
indicated that C-Hsp90α was present in the peaks (Fig. 2B). At a molar
ratio of 1:3, the C-Hsp90αmeasuredmolecular mass was approximately
300.0 kDa, which is consistent with seven dimers of the C-Hsp90α
Fig. 2. A) SEC–MALS to determine the molecular mass of the C-Hsp90α in the presence and abs
scattering normalized andmolecular mass distribution. In the absence of celastrol (open black
sistent with the predictedmolecularmass of a dimer, whereas in the presence of celastrol (open
is consistent with the molecular mass of 5 dimers. B) Samples collected in (A) were analyzed b
unfolded to a monomer at the denaturant conditions of the gel, even in the presence of celastro
presence and absence of celastrol (molar ratio 1:2; complex:celastrol). Thefigure shows normali
absence of celastrol (open black circles) eluted with a molecular mass of 114.5 kDa (closed blac
monomer of Tom70 (theoretical mass is 103.6 kDa).When celastrol was added in amolar ratio
527.2 kDa (closed red squares), a result that corresponded to five dimers of C-Hsp90α bound t
fractions from the SEC–MALS to confirm the presence of the bound proteins.
(theoretical mass is 302.1 kDa) (Fig. S7). Taken together, these results
clearly suggest that celastrol directly targetedHsp90 and induced an olig-
omerization process via the C-terminal domain. It is noteworthy that the
Hsp90α oligomers eluted from the column dissolved into monomers,
even in the presence of celastrol, in the denaturing conditions of SDS-
PAGE (Fig. 2B). Thus, these results strongly support our thermodynamic
investigation indicating that the effect of celastrol is concentration depen-
dent and that the compound disturbs the conformational equilibrium of
Hsp90 (see above).
ence of celastrol (molar ratio 1:2; C-Hsp90:celastrol). The graph shows the profile of light
circles), C-Hsp90α had a molecular mass of 44.8 kDa (closed black squares), which is con-
red circles), the C-Hsp90α had amolecularmass of 207.0 kDa (closed red squares), which
y SDS-PAGE that showed that C-Hsp90αwas present in the peaks and that the chaperone
l. C) SEC–MALS to determine themolecular mass of the C-Hsp90α/Tom70 complex in the
zed light scattering andmolecularmass distribution. TheC-Hsp90α/Tom70 complex in the
k squares), a result that is accordance with one dimer of C-Hsp90α domain bound to one
of 1:2 (complex:celastrol), the complex eluted (open red circles)with amolecular mass of
o five monomers of Tom70 (theoretical mass is 518.0 kDa). D) SDS-PAGE of the collected

image of Fig.�2


Fig. 3. Chaperone activity. Citrate synthase (CS; 2 μM) aggregatedwhen heated at 45 °C as
shownby scatter at 340 nmboth in the absence (closed square) and in the presence (open
square) of celastrol (4 uM). Incubation with Hsp90α (2 μM) prevented CS aggregation
both in the absence (closed circles) and in the presence (open circles) of celastrol (4 uM).
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3.3. The chaperone activity and the ability to bind a TPR co-chaperone was
not affected by celastrol

Finally, we investigated the effect of celastrol on a couple of func-
tional activities of Hsp90α. First, we tested whether celastrol affected
the ability of Hsp90α to bind to co-chaperones with a TPR (tetratrico-
peptide repeat) domain, as this domain binds via a C-terminal MEEVD
motif in Hsp90 [47], and celastrol appears to act primarily upon the
C-terminal domain (see above). In a previous study, by combining
SEC–MALS and calorimetry, we described that the stoichiometry of
the interaction between the Hsp90 C-terminal domain and the TPR
co-chaperone Tom70 is a dimer of the C-Hsp90 domain for one
monomer of Tom70 [37]. Then, here, we investigated the effect of
celastrol in the interaction between C-Hsp90α and Tom70 by SEC–
MALS experiments. As previously demonstrated, the C-Hsp90/Tom70
complex in the absence of celastrol eluted with a molecular mass of
Fig. 4. Cartoon showing the effect that celastrol (2×) had on the oligomerization of Hsp90 and t
on the results of this manuscript.
approximately 114.5 kDa, a result that is in accordance with one
dimer of the C-Hsp90α domain bound to onemonomer of Tom70 (the-
oretical mass is 103.6 kDa) (Fig. 2C). When celastrol was added in a
molar ratio of 1:2 (complex:celastrol), the complex eluted with a mo-
lecular mass of 527.2 kDa (Fig. 2C), which corresponds neatly to five
dimers of C-Hsp90α bound to five monomers of Tom70 (theoretical
mass is 518.0 kDa) (Fig. 2C). The presence of celastrol did not interfere
with the formation of the complex as confirmed by SDS-PAGE of the
peaks (Fig. 2D). In addition, the stoichiometry of interaction between
C-Hsp90α and Tom70 was not altered in the presence of celastrol. In
summary, although celastrol was able to modify the oligomeric state
of the C-Hsp90α, it does not affect the binding with the co-chaperone
Tom70.

We then asked whether celastrol would affect the ability of full-
length Hsp90α (C-Hsp90 does not have this ability because it lacks
the N-terminal domain) to protect proteins from aggregation. To that
end,we used citrate synthase (CS), a protein that undergoes thermal ag-
gregation and scatters light, as measured by absorbance at 340 nm [48],
as a client of Hsp90, and the results are shownon Fig. 3. In the absence of
full-length Hsp90α, CS started to aggregate after 5 min, and Hsp90α, at
amolar ratio of 1:1, protected against aggregation (Fig. 3). The presence
of celastrol did not alter the effect of Hsp90α, which was equally effi-
cient in protecting against aggregation in the absence of the ligand,
i.e., Hsp90α was still able to bind unfolded CS (Fig. 3).
4. Conclusions

A highly interesting conclusion from our work and others in the lit-
erature is that celastrol interferes with the specific biological functions
of Hsp90. Results in this study suggest that Hsp90 will remain active
in binding unfolded or partially unfolded protein clients in the presence
of celastrol. There are also results that, together with published exam-
ples in the literature (see below), suggest that Hsp90will bind only spe-
cific classes of co-chaperones (supported in this study and [31]). Thus,
celastrol affects the actions of Hsp90 that depend on co-chaperones,
the binding of which is perturbed/inhibited by celastrol [31, 34, this
work]. Of course, one has to be careful to translate these findings to
hen on the interaction of Hsp90with TOM70 and on the chaperone activity of Hsp90 based

image of Fig.�3
image of Fig.�4
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the cell context as celastrol has other effects in the cell that do not de-
pend on Hsp90 only, such as gene expression induction [49]. Moreover,
we can suggest a model of action for the molecular interaction of
celastrol with Hsp90 (Fig. 4). We suggest a model in which celastrol
binds directly to the C-terminal domain of Hsp90 (supported by our re-
sults and that of [32]) but not theN-terminal domain (supported by [35]
causing oligomerization (our results; Fig. 2C)). However, the ability to
protect against protein aggregation (supported by our results) and to
bind to TPR co-chaperones (supported by our results and [31]) are not
affected by celastrol (Fig. 4). Because celastrol induces the oligomeriza-
tion of p23 [34], a Hsp90 co-chaperone, we suggest that this ligand acts
primarily by inducing specific oligomerization that affects some, but not
all, of the functions of chaperones and co-chaperones. In addition,
celastrol will act by disturbing the conformational equilibrium of
Hsp90, shifting it toward unfolding in denaturating conditions, perhaps
such conditions as those of a tumorigenic cell. Additionally, since Hsp90
is an intracellular inhibitor of HSF1 (Heat Shock Factor1) and a previous
work reported that in vivo celastrol act stimulating HSF1 [29], one can
suggest another hypothesis in which the oligomerization of Hsp90, as
reported here, would result in an increase in the amount of functional
HSF1 acting upon the expression of chaperone genes. A direct action
of celastrol upon secreted Hsp90α that may be resulting in decreasing
invasiveness should also be considered. Although thesemodels warrant
additional support, they suggest that the effect of celastrol may be sub-
tle or at leastmore specific than previously suggested, and such an effect
could be fine-tuned by modulating the concentration or by chemical
modifications of the molecule. Thus, we hope that the findings of this
manuscript may aid in the development of celastrol as an effective
drug against cancers.
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